Further research on retired cable rejuvenation via heat treatment was investigated in this paper. Three retired cables with service year of 7, 15 and 30 years were used and annealed at different temperatures following two different heat treatment methods. In the first test, two short cables with a length of 5 m were prepared and cut into five equal segments. Four segments of each cable were annealed at 90, 95, 100, and 105 • C to simulate the cable operation. Then, the cross-linked polyethylene (XLPE) from the cable insulation was peeled, and the peels from the inner, middle and outer positions were selected and subjected to the differential scanning calorimetry (DSC), DC conduction current, and dielectric breakdown strength measurements. The thermal and electrical performance of these samples were analyzed, and the optimum annealing temperature was determined. In the second test, three identical long cables were connected to a transformer, joints, and terminals to build two experimental circuits. The cables were annealed at the optimum temperature determined in the first test. The same measurements were performed on XLPE samples taken from the same positions as those in the first test. The results showed that the short cables exhibited the best thermal and electrical performance when annealed at 95 • C. The three long cables annealed at 95 • C verified that the thermal and electrical properties of the cable insulation were significantly improved. The results of the two different annealing methods, which closely represent the actual cable operations, verified the feasibility that old cables without overheating history could be rejuvenated via heat treatment.
I. INTRODUCTION
With the development of cities, an increasing number of highvoltage cables have been used in the electric transmission lines of electric networks. As one of the most important units of a electrical power transmission line, high-voltage power cables play an important role in the delivery of electrical power. When a cable in service, a lower insulation failure rate and a longer service year are the two primary goals. During the long-term operation, insulation degradation inevitably occurs, and this phenomenon has aroused much attention from researchers [1] . Research on the assessment of cable insulation aging, including the mechanism and evolution The associate editor coordinating the review of this manuscript and approving it for publication was Fabio Massaro . process of degradation under different conditions began in the 1960s, and many effective technologies have since been developed [2] , [3] . The goal of such research is to identify the degradation degree of cable insulation and consider the replacement of old cables at the right time [4] . Due to the complexity of the on-site environment and the multiple sources of interference, currently available cable insulation aging assessment applications have insufficient accuracy [5] . Usually, the designed service life for 110 kV AC cables is 30 years, but most cables operate under mild conditions with a relatively low current and temperature in the inner conductor. As a result, many cables have retained excellent insulating properties; some of these cables still meet the standards of cable operation, even those that have reached the designed service year [6] . The question is remains whether the long- VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ term operation has caused irreversible change in the cable insulation, which would increase the probability of insulation failure accidents if the cables operates for longer years. As a typical semi-crystalline polymer, the microstructure of cross-linked polyethylene (XLPE) governs its thermal and electrical characteristics in different situations [7] . It is worth noting that multiple studies have reported that the thermal and electrical performances of XLPE were significantly improved after annealing at proper temperatures for a short period [8] , [9] . For most commercial cables, the microstructure of XLPE can't reach thermodynamic equilibrium state during the short manufacturing process [10] . Several studies on retired cables have revealed a phenomenon where, after decades of operation, cables exhibited better electrical properties than new cables because they suffered the annealing process during the cable operation [11] , [12] . In our previous research on three retired cables with no overheating history, XLPE sheets near the inner semi-conductive layer were annealed at a series of temperatures near 90 • C. The results showed that the thermal and electrical properties were enhanced when the samples were annealed at elevated temperatures, and the samplers annealed at 95 • C exhibited the best results [13] . Although this study demonstrated that XLPE sheets could be rejuvenated, the test conditions were far from the actual service conditions of a cable; therefore, the results do not sufficiently support the use in a cable line.
In the present study, three retired cables were prepared and annealed by two different methods to explore the feasibility of cable rejuvenation by heat treatment. In the first test, two short cables were annealed at four different temperatures of 90, 95, 100, and 105 • C by simulate the cable operation. Then, the thermal and electric performances of XLPE from different positions of the cable insulation were tested, and the optimum annealing temperature was determined. In the second test, three identical long cables were used to build two actual cable circuits. The high voltage of 64 kV and large current were applied, and the cables were annealed at the optimum temperature determined from the first test. The effects of the two different annealing methods on the thermal and electrical performance of the cable insulation were analyzed, and the feasibility of cable rejuvenation by heat treatment was further accessed
In the present study, thermal annealing was performed on three retired cables that had operated for 0, 15, and 30 years. The heat treatment was performed by building a small circuit to simulate cable operation. The effects on the cable, including the changes in the thermal and electrical performance at different positions of the insulation layer were analyzed, and the feasibility of cable rejuvenation by heat treatment was discussed.
II. SAMPLE PREPARATION AND EXPERIMENTAL DETAILS A. SAMPLE PREPARATION
Three retired 110 kV AC cables with the service year of 15 and 30 were used for this study, different from the cables used in [13] . No overheated records were reported, it means the temperature in the insulation was always below 90 • C when the cable in service. Some crucial specifications are measured and listed in Table 1 . Note that cable 1 and 2 were made by different manufacturers but show the uniform specifications.
The out sheath was kept, and no damage points were found in its outside surface. Firstly, the two cables with a length of 5 m were prepared and cut into five isometric segments. For each segment, the out sheath and insulation layer in both ends with a length of 10 cm were peeled, and the inner conductor was exposed. Second, the same two cables with a length of 30 m were prepared.
B. EXPERIMENTAL SETTING
In the first test, the heat treatments were performed on five segments from each cable. One segment was connected to a current generator (AHY-3000, IUXPOWER, China) via copper connectors, as illustrated in Figure 1 (a). Figure 1 (b) shows the process graph of the changes in the applied current and the resultant temperature in the inner conductor. A large current of C 1 was applied to the cable, and the temperature in the inner metal conductor increased to the preset temperature in approximately 12 hours. Then, the current was decreased to a smaller value of C 2 , balancing the heat production and dissipation, and the temperature was maintained at the preset point for 2 hours. Finally, the current was removed, and the cable was naturally cooled to room temperature. A complete thermal cycle included these three phases: heating, holding, and cooling. Four preset temperatures of 90, 95, 100, and 105 • C were set, which corresponding to the four segments of each cable. The last segment was not annealed and is regarded as a fresh sample. Each segment was annealed at one preset temperature, and the same thermal cycle was repeated 20 times for each segment.
When the heat treatment was finished, a short section (approximately 15 cm) was cut from the middle of each segment and used as test cables, as shown in Figure 1 (a). The outer sheath was removed, and the insulation layer was peeled along the surface of the inner conductor and tape-like peels were obtained.
In the second test, the heat treatments were performed on three long cables. Figure 2 shows the experimental settings of the cable installation. In Figure 2 (a), cable 1 and 2 were connected to a transformer, joints, and terminals to form an experimental circuit. The cables and joints were placed on metal stands to ensure a uniform temperature distribution in the insulation layer. In Figure 2 (b), cable 3 was connected to the terminals to build a circuit, and the experiment was conducted in another lab. One essential difference between the two circuit is that the out surface of cable 3 was covered by heat insulation foam with a thickness about 10 mm, to simulate a harsh heat dissipation situation in cable operation. Due to the limited number of long cables, the thermal annealing for the two circuit was performed only at the optimum annealing temperature determined in the first test. Foremost, the temperature evolution in a thermal cycle was similar with the first test, which are coincident with the actual situation of cable operation. The current was applied to the cable through the current transformer, and the rated phase high voltage (64 kV) was applied through voltage resonance. A large current was applied to the cable to ensure that the temperature in the inner conductor could increase to the preset temperature within 8 hours. Then, the current was decreased to a small value, balancing the heat production and dissipation, and the temperature was maintained at the preset temperature for 2 hours. Finally, the current was removed, and the cables naturally cooled to room temperature. Before the experiment, the strength of the applied current in the heating and holding phase was experimentally measured. During the experiment, the voltage was always maintained, and the same thermal cycle was repeated 90 times. After the heat treatment, short sections (20 cm in length) were cut from the three cables. The outer sheath was removed, and the cable insulation was peeled following the approach used in the first test.
C. SAMPLING POSITION Figure 3 (a) shows the obtained tape-like peels. To investigate the annealing effects on the cable insulation, three different positions of the cable insulation were selected to represent the whole cable insulation and evaluate the thermal and electrical performance, as shown in Figure 3 (b). They are named inner, mid, and outer position according to their locations in the insulation layer. The samples annealed by the first and second method were named S1 and S2, and named by the service year: XLPE-7, XLPE-15 and XLPE-30 when the cables annealed by the same method.
D. TEMPERATURE DISTRIBUTION
Before the experiment, all the required factors at different preset temperatures, including the strength of the applied current in the heating and holding phase and the time duration in the three phases, were measured experimentally buy using a small simulation circuit as shown in Figure 4 . three holes were drilled through the insulation layer, and three thermocouples were inserted in the holes, as shown in Figure 4 (a). In this case, the temperature in the three sampling positions also be measured.
The values of current amplitude and duration in heating and holding phase were summarized in Table 2 , and the temperature distribution in the three layers at different preset temperature were summarized in Table 3 .
E. MEASUREMENT
The thermal properties were tested by differential scanning calorimetry on a DSC 214 (NETZCH, Germany). In each measurement, a sample with a weight of 5 mg was used. The temperature was increased from 25 to 140 • C at a rate of 10 • C/min and kept for 5 min; then cooled to 25 • C at the rate of −10 • C/min; the same scanning was repeated twice.
The electrical performance was tested by the measurement of DC conduction current and dielectric breakdown strength. The DC conduction current was measured at 90 • C by using a conventional three-electrode conduction measurement system. A DC electric field of 20 kV/mm was applied, and the current was recorded for 3600s at 90 • C. The dielectric breakdown strength E B was measured by using a pair of the plate electrode system. The sample was inserted between the two electrodes and totally immersed in the silicone oil. The voltage was applied to the two electrodes and linearly increased at a rate of 1kV/s until the sample breakdown. Fifteen repeated measurements were done, and the average was calculated as the valid data.
III. RESULTS AND DISCUSSION
A. ANNEALING EFFECT ON S1 SAMPLES An amount of important data was separately and shown in this part, because the results its vital for the following experiment. Figure 5 shows the melting point, melting range, electrical conductivity, and dielectric breakdown strength as a function of annealing temperature. In the left three graphs, the results show that T m of the three positions identically decreases as the annealing temperature increases and reach the smallest values at the inner, mid, and outer positions when the cables were annealed at 100, 105, and 105 • C, respectively. Conversely, the crystallinity of the three positions firstly increases, reaching the highest values at the same annealing temperatures. The changes in melting curves in Figure 4 show the emergence and growth of thinner lamellae, which led to an enlargement in the crystalline region. The thickness of the thinner lamellae increases, approaching that of the original lamellae, which facilitating a denser crystal distribution, namely, results in a narrower melting range. For each position of the cables shown in the right three graphs, σ DC decreases and E B increases as the annealing temperature increases, although some exceptions to these trends exist. The inner and mid positions of XLPE-15 exhibits the smallest σ DC values at annealing temperatures of 95 and 100 • C, respectively, whereas the highest E B values of both positions are observed at an annealing temperature of 95 • C. Similarly, the inner and mid positions of XLPE-30 exhibit the highest E B values at an annealing temperature of 95 • C, the smallest σ DC values at these positions are observed at annealing temperatures of 100 and 95 • C, respectively. The out position of the two cables exhibits the smallest σ DC value and the highest E B value at the same annealing temperature of 105 • C. It is well known that charge transport is harder in the crystalline region, wherein E B increases and σ DC decreases; correspondingly, charge transport is easier in the amorphous region, wherein E B usually decreases and σ DC increases [14] .
For the present two cables, the inner and mid positions exhibit the optimum values of the measured factors at annealing temperatures of 100 and 105 • C, respectively. It indicates that an optimum annealing point exists around 99 • C. However, the actual temperature in the out position is 94.3 • C at the annealing temperature of 105 • C, which is obviously lower than the optimum point. The relationship between the annealing temperature and the changes in the four values can be interpreted by the master curve derived by Gandica and Magill [15] . When the annealing temperature is below the optimum annealing point, the temperature increase will result in higher thermal energy and increase the rate of molecular chain arrangement, allowing for long molecular chain movement. This increase favors the thickening of the lamellae and the emergence of new crystals, which dominate this process rather than the crystal melt. When the temperature is above the optimum annealing point, the higher thermal energy accelerates the molecular chain movement, especially for the long chains. However, the free chains hardly arrange into an ordered state, and the ordered chains start to diffuse from the original lamellae. As a result, the original thicker lamellae melt, and new thin lamellae emerge.
No heat treatments are performed at higher temperatures, and the optimum annealing temperatures for the mid and out position cannot be confirmed unless the annealing is performed at higher temperatures. However, more attention should be paid to the inner position than the middle and outer positions since the former is subjected to the most substantial thermal and electrical pressures and is more likely to result in serious aging in cable insulation. Importantly, the cables annealed at 100 • C contributed to the best thermal performance for the inner position and remarkably enhanced the thermal performance of the middle and outer positions. The annealing temperature at 105 • C caused negative changes in the inner positions, wherein the crystallinity and melting point decreased and the melting range increased. In terms of the thermal performance, 100 • C was the optimum annealing temperature.
The highest E B values and smallest σ DC values in the inner and mid positions are observed when the cables were annealed at 95 or 100 • C, whereas for the outer position, these values are always observed at an annealing temperature of 105 • C. In terms of the electrical performance, 95 • C is regarded as the optimum annealing temperature for the two cables. A combination of the thermal and electrical performance results shows that a discrete point of 95 • C is the optimum annealing temperature.
B. ANNEALING EFFECT ON S2 SAMPLES
The results of the above tests on the S1 samples show that 95 • C is the optimum annealing temperature. In this test, this point is selected as the annealing temperature for the S2 samples. Before the experiment, the strength of the applied current in the heating and holding phase, and the time in the heating and cooling phase were measured experimentally, the results are summarized in Table 4 . During the heat treatment process, a phase voltage of 64 kV was applied and maintained until the end of the heat treatment process. A large current of 1490 A was applied to the circuit 1, the temperature in the inner conductor increases to the preset temperature of 95 • C in approximately 8 hours. Then, the current decreased to 1180 A, balancing the heat production and dissipation, and the temperature was maintained at the preset temperature for 2 hours. Finally, the current was removed, and the cables naturally cooled to room temperature in 16 hours. For circuit 2, a current of 890A applied to the cable in the heating phase, and the current of 810A applied in the holding phase. The maximum temperature in the metal conductor in the holding phase was 92±2 • C due to the fluctuations in the room temperature in the high-voltage laboratory. For simplicity, the samples from this annealing process were called treated samples, to distinguish from the S1 samples annealed at the same temperature. Figure 6 shows the melting endotherm spectra measured in the first and second heating phases for the samples. In the left three graphs, a low-temperature melting peak appears in each position of XLPE-15 and XLPE-7, that means thin lamellae with lower melting point emerged during the cable in operation [16] , [17] . When the cables were annealed at the maximum temperature of 95 • C, the existing low-temperature melting peak in each sample was shifted to a higher temperature, it indicates the thin lamellae was grew to thicker lamellae. In XLPE-30, a low-temperature melting peak appears in the three positions, it also indicated that thin lamellae emerged in the annealing process. A distinct distance exists between the two melting peaks in the three positions of each cable, it is larger in the out position and smaller in the mid position, while the two melting peaks are partly overlapped in the inner position. This phenomenon is a good indicator of the graded distribution of temperature in the insulation layer. In the right three graphs of Figure 6 , scarce differences are observed in each pair of melting curves at each position of each cable. Under a same cooling condition, a similar melting curve means a similar crystallinity structure formed in the first cooling phase [18] . It is inferred the molecular chain was not further damaged when this annealing process lasted for hundreds of hours.
The crystallinity and melting range were calculated with equations (1) and (2):
where H o is the fusion enthalpy per unit volume observed and H m is the corresponding value of an ideal polyethylene crystal, 2.88×10 8 J·m −3 . T mi is the initial melting point, and T me is the ending melting point. The values as a function of the sampling position are shown in Figure 7 . It is seen that the treated samples exhibit higher melting point and smaller melting range than the fresh samples. It means the heat treatment promoted an improved thermal performance. Figure 8 shows the values of the electrical conductivity σ DC and dielectric breakdown strength E B as a function of the sampling position. It is seen from the two graphs that the treated samples exhibit smaller σ DC and higher E B than the fresh samples at all positions for each cable, except the little exception in the out position of XLPE-30. It is accepted that a perfect crystal-amorphous structure would beneficial to an improved electrical performance.
In summary, the thermal and electrical performance of the S2 samples were significantly improved when the cables were cycled annealed at 95 • C. In this test, the experimental process of the heat treatment in accordance with the actual operational situation of a cable line. Combining the two different heat treatment experiments, it is verified that retired cables without overheating history can be rejuvenated by giving such an appropriate heat treatment process.
IV. CONCLUSION
This paper presents a further experimental investigation of cable rejuvenation by simulating cable operation on three retired cables with service years of 7, 15 and 30 years. The following conclusions are obtained:
1) The heat treatment on short cables showed the preliminary prospects of this investigation, wherein the thermal and electrical performances of the cable insulation were significantly enhanced. For the thermal performance, the optimum values of the measured factors for the inner, middle, and outer positions were observed when the cables were annealed at 100, 100, and 105 • C. For the electrical performance, the optimum values of the measured factors for the inner and middle positions were observed at the annealing temperatures of 95 or 100 • C, and outer position always shows the best results at the annealing temperature of 105 • C.
2) The optimum annealing temperature for the two short cables was 95 • C, integrate the thermal and electric performance of the entire structure of the cable.
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